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I 
PROTEINS I S  hICLTIF'LE hlYELOhlA.  VIII. BIOSYKTHESIS O F  

A B s OR 31 AL P R OT E IS s * 

BY 

F. I<'. Putnarnt and A.  hliyake 

hlu!tiple myeloma is a fata: tumor of the p l a sma  cel ls .  It is general ly  accompanied 

by hyperglobul inemia,  Bence-Jones  pro te inur ia ,  o r  both abe r ra t ions  in protein synthesis .  

Although the myeloma s e r u m  g lo t l l i i n  an3  t h e  unique u r ina ry  protein a r e  thought to be 

formed within the tumor ce!:, no metabol ic  re la t ionship h a s  yet  been demonst ra ted  between 

t h e  two types of abnormal  proteins .  T h e r e  i s  evidence that different  pat ients  produce indi- 

viduaily cha rac t e r i s t i c  globulins that a r e  re la ted  to normal  s e r u m  pro te ins ,  yet  dist inguish- 

able f rom, them,  and that !he Eence-Jones  pro te ins  excre ted  by different  pat ients  are not 

identicai .  It is known tha: the Bence-Jones  pro te ins  a r e  not der ived  by r e n a l  c leavage of 
the abnorma l  s e r u m  globulins, and i! has  been suggested that t h e  two types  of pathologic 

proteins  may  be synthesized independer;:!y. The u r ina ry  protein is formed rapidly ' f rom 
adminis te red  amino  ac ids  ana is excre ted  rapidly.  

In o r d e r  to investigate whether :he synthes is  of Bence-Jones protein is re la ted  to  that 
f the myeloma globulin, 4 5 0  p c  of D i - g l u t a m i c  a ~ i d - 1 - C ~ ~  w e r e  injected ' into a patient 

ho was ca the ter ized  to permi t  frequen! withd-rawal of ur ine  spec imens . 'The  subject and 
protocol of the exper iment  and the rzctabolic fate of t h e  r acemic  amino  acid are  given in 

the accompanying paper  (p. 351. 

Significant radioact ivi ty  was  n3: detected in e i ther  the Bence-Jones  pro te in  or the 

myeloma globulin until about 4 6  mina tes  a f te r  injection. 

Specific activity r a t e  cu rves  R e r e  obtained for four nonprotein metabol ic  products  of 

the injected amino  acid,  namely 1)  expi ra tory  CO 
urease ,  3 )  the CO 
acid,  and 4 )  the C 0 2  l ibera ted  from L-glutamic ac id  of s e r u m  by the optically specif ic  

glutamic acid decarboxylase f rom E. coli (Table  1). Rate  da ta  w e r e  also obtained for two 

f ract ions of the Bence-Jones  protein that differed in solubility and for the myeloma serum 

globulin p repa red  by sa l t  precipit-1 '  ,.ion. 

globulin r a t io  of 0.7. Electrophoret ic  ana lys i s  by the T i se l iu s  method revea led  a s h a r p  

peak in t h e  7-globulin region cha rac t e r i s t i c  of myeloma globulin. Th i s  component had a 
mobility of 1.5 x 

2) the u r ina ry  u r e a  C 0 2  l iberated by 2'  
r e l eased  by ninhydrin f rom u r ina ry  amino  ac ids ,  chiefly D-glutamic 2 

By chemica l  ,analysis  the total s e r u m  pro te in  was found to be 8.170, with a n  albumin- 
' 

- 1  c m 2  s e c - l  volt and compr i sed  30% of  the total  s e r u m  protein.  The  

z 
Summary  of a paper  that a p p e a r s  in The  Journa l  of Biological Chemis t ry ,  231:671 

( 1  958). 

tPresen!  a d d r e s s :  The  Department  of Biochemis t ry ,  College of Medicine, University 
F lor i d a ,  Ga i n e  s \ v i  1 1 e , F1 o r id a. ' .  
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T H E  h I E T I G O L I S X I  OF DL-GLCT-AhlIC ACID- l - C ' 4  IN M A Y * +  

By 

F .  W. Putnarn,? A. Miyarce, and F. Meyer  

Despite i t s  alieged occur rence  i n  human and an imal  t u m o r s ,  D-glutamic acid has  not 

been found to be utilized to any appreciable  extent in exper imenta l  an ima l s .  The fate of 

D-glutamic acid in man, however,  has not been fully investigated. In  the cour se  of study 
14 of the biosyn!hesis of abnorrr,al proteins in multiple myeloma, DL-glutamic acid-  1-C 

was injected intravenously into a pa:ien!. Frequent  blood and ur ine s a m p l e s  were  taken, 

and the exp i r a to ry  CO, was collected at intervals .  T ime c u r v e s  were  de te rmined  for the 

radioactivity of 1) exp i ra to ry  C 0 2 ,  2 )  ur ina ry  u r e a ,  3 )  u r ina ry  amino  ac ids ,  4 )  s e r u m  glu- 

tamic acid,  5 )  u r i n a r y  Bence-Jones  protein,  and 6 )  s e r u m  y-globulin (the myeloma glob- 

ulin). A compar i son  was  a l so  made of the radioactivity of the C o g  r e l eased  by the r e a c - .  
tion.of u r ina ry  amino  a c i d s  and of t h e  hydrolyzed Bence-Jones  protein wi th  ninhydrin 

v e r s u s  glutamic acid decarboxyiase .  The L-g lu tamic  acid was metabolized rapidly.  How- 
e v e r ,  i t  was exc re t ed  apparent l j .  unchanged in the urine and w a s  not incorporated signifi- 

DL-glu tamic  a c i d - l - C 1 4 ,  with an activity of 10 p c  per  mg ,  w a s  chosen for t h i s  study 

because the radioact ivi ty  i s  compie!eiy l iberated f rom the L f o r m  on incubation wi th  glu- 

tamic acid decarboxylase .  Th i s  not ociy p e r m i t s  a differentiation of the L and D i s o m e r s  

but  a l so  affords  a d i r e c t  method for measur in ;  the specific activity of glutamic acid i n  

protein hydro!ysates witnout is<2Lz!ica 0: the amino acid. P r i o r  to  adminis t ra t ion,  the glu- 

tamic acid (10 p c  per  mg)  was  d i s s s lvec  in a 0.9 per cent NaC1-0.5 pe r  cent glucose solu- 
tion, f i l tered through ultrafine sin!ered glass ,  and tested for toxicity and s ter i l i ty .  N o  c a r -  

r i e r  glutamic acid was admir,is!ered. 

- 

-ntly into the Bence-Jones  protein,  wh:ch is believed to or iginate  i n  the tumor  cel ls .  

The  purified,  lyophilized, s a l t -  f r e e  protein s a m p l e s  were  counted on planchets; the 

specific activity co r rec t ed  for s e i f - abso rp t ion  is expres sed  as cpm per  m g  of protein. 

Protein s a m p l e s  were  hydrolyzed by autoclaving for 1 2  hours  with 6 N HC1. The hydroly- 
s a t e s  were  concent ra ted  in a f l a sh  evapora tor  w i t h  repea ted  washings to remove  the acid. 

The amino a c i d s  i n  the hydrolysates  were  then decarboxylated by react ion with ninhydrin 

at l o o o  or by incubation at 37O with success ive  aliquots of glutamic acid decarboxylase.  

The amino a c i d s  in ur ine s a m p l e s  o f  0.3 or 3.0 ml were  l ikewise decarboxylated with nin- 

' 

*Aided i n  p a r t  by r e s e a r c h  g ran t s  f rom the National Cancer  Inst i tute ,  National Insti-  

tSummary  of  a paper  that appea r s  i n  The Journa l  of Biological Chemis t ry ,  231:657 ,  

$ P r e s e n t  a d d r e s s :  The Department of Biochemis t ry ,  College of Medicine, Lniversity 

tutes o f  Hea!th ( S o .  C - 1 3 3 i - C 4 ) ,  and from the Amer ican  Cancer  Society. 

' 9 .  

of Fior ida,  Caines\*i; ie,  Fior ida.  
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hydrin but in the p re sence  of 15 mg of  L-glutarr'ic ,acid a s  c a r r i e r .  Enz mat ic  decarboxyla-  
tion of 1 . 0  m i  s e r u m  sampies  u 'as a lso c a r r i e d  out i n  the p re sence  of 1 

glutamic acid.  In  all  the decarboxylation r eac t ions  the sys t em w a s  f i r s  

gen to remove  p reex i s t ing  C02;  the co2 r e l e a s e d  by the react ion w a s  t apped with Ba(OHI2 

and counted a s  BaCO 

given a s  cprn for infi'ni!eiy thick samples .  The  specif ic  activity of expi1 .tory C o 2  (ex- 
pressed  a s  m i l l i m i c r o c u r i e s  per mill imole of COP) w a s  measu red  by r 2ans of a vibrat ing 
reed e l ec t rome te r .  The specific activity of u r ina ry  u r e a  C 0 2  w a s  a l so  

sa l t  precipitation. T h e  Eience- Jones  protein w a s  isolated by ammonium sulfate p rec ip i t a -  

tior. and prolonged d i a i y s i s  against  dist i l led water .  T h e s e  protein prep: a t ions w e r e  char- 
acter ized by e l ec t ropkores i s  in the T i se l iu s  appa ra tus  and by sediment tion in the analyt i -  
ca l  ul t racentr i fuge.  

The patient (H. E. ) ,  a 6 ;  year -o ld  m a l e ,  w a s  admitted to the Argon e Cancer R e s e a r c h  
Eospital  for t rea tmen:  ana t e rmina l  c a r e .  For therapy,  urethane was g- -en throughout the 

experiment and radia:ion j - c '  _. pr io r  to it. Labora tory  study revea led  Bc ice-Jones protein- 

u r i a ,  hyperglobulinerr,ia, modera te  anemia  ( 1 2  g pe r  cent of hemoglobir , and seve re ly  de- 

p re s sed  r ena l  function. E1;7oG u r e a  nitrogen r o s e  progress ive ly  f rom 2: mg pe r  cent to 
176 mg per  cent ,  an:! the  ~ r e . z  c lea rance  fel l  terminal ly  to a value of 2. , as  calculated by 

the squa re  root  methoc. Tnc diagnosis of multiple myeloma was  confir: ed by p o s t m o r t e m  
examination. Kidney ciz.rr.zge was ex.tensive and typical of the d i sease .  

Approximately 45C~ ,LC of DL-glutamic acid-  I d 4  were  given i n t r E  .enously ove r  a 

15-minute intervz:  t c  t h e  fas!ing patient. In the f i r s t ' 2 4  hour s ,  19 blood samples w e r e  ob- 
tained by intravenous cz:FLe:er, the first at  15 minutes  a f t e r  the start 0: the injection. A 
complete ur ine coliec!:cG w a s  maintained with 24 s a m p l e s  being taken 1 7 u r e t h r a l  ca the t e r  

on the 1st  day. The ca:!:eterc were  then r emoved ,  and blood s a m p l e s  wt *e discontinued; 

but complete ur ine coiiection w a s  kept up for a week with a total of 4 9  : lecimens.  Blood 
was  allowed to c lot ,  a n a  :he s e r u m  spec imens  were  f rozen  for  l a t e r  s t c  y. Aliquots of the 
urine were taken for inimediate isolation of the Bence-Jones  protein,  a 3 the balance w a s  
frozen for s to rage .  The expiratory air was sampled at in t e rva l s  for the first 8 hours. Ex- 
cept for a n  init ial  discomfort ,  the exper iment  had no  adve r se  effects.  K trogen intake stud- 
i e s  were  c a r r i e d  for 2 months following the injection. 

i r l y  max imum in  
the specific activity o f  expiratory C 1 4 0 2  w a s  expected. This  maximum ccur red  a t  about 

2 5  minutes and was  followed by an exponential decline in radioactivity 1 ith a half t ime of 
85 minutes ( F i g u r e  1 ) .  T h r e e  and one-tenth per  cent of the injected act i  ity or 6.2 p e r  cent 
of the activity in t h e  L f o r m  was exhaled in the first 8 hours.  In the 5-r mute period a t  the 

time of the maximal  specif ic  activity o f  expiratory c02, 0.72 pc  of C14 )2 w a s  exhaled 
with only 0.02 p c  in the  5-minute period 'at 8 hours  a f t e r  injection. At 2 

ity of exp i r a to ry  C 0 2  would have been negligible. 

m g  of Carrier L- 
flushed with ni t ro-  

in a iuminum planchets with a s u r f a c e  of 3.47 cn: The act ivi t ies  are 3 

etermined. 

Se rum protei:. frac:ions were  prepared  e i the r  by s t a r c h  zone elect  ophores i s  or  by 

In view o f  the known metabolic pathways o f  glutamic acid,  a s h a r p  

hours, the activ- 

T h e  c u r v e s  giving the r a t e  of u r ina ry  excret ion of C ' l - amino  acid: shown. in Figure 
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R.IDIOC.4EEOS ASD >I EDlC."IL RESEARCH 

By 

G. V. LeRoy 

Exploration o f  metabolic p r o c e s s e s  in man,  and i n  l abora tory  and domest ic  an imals ,  

i s  s u r e l y  one of the most  important  of the peaceful u s e s  of nuclear  energy,  The elegant 

s tud ies  of Schoenheimer znd h i s  s tudents  revoiurionized biochemistry,  and h i s  concept of 
the dynamic s t a t e  of :tie body's const i tuents  may be considered a s  a quantum jump forward 
in our unders?anding of health and d isease .  W e  a r e  for tunate  in  having at  our  disposal,  iso- 
topes-stable and radioac!ive-of a i l  o f  the e lements  involved in l iving organisms.  Of these 
isotopes,  carbon-14 is :he mos t  useful for s tudies  of  metabol ism.  I t s  beta radiat ion can  be  

m e a s u r e d  easi ly  ar.d accurately;  and the low energy of the radiat ion al lows one to per form 

rel iable  t r a c e r  s tudies  with insignificant radiat ion exposure.  Final ly ,  virtually every  sub- 
s tance  of i n t e r e s t  to a biochemist-metabol icai ly  speaking-can be obtained labeled with 

radiocarbon.  Broadly speaking, fo,ur types o i  biologic r e s e a r c h  in which C14 is used are 
in p r o g r e s s :  photosynthesis,  enzyrr.a:ic reac t ions  in noncellular s y s t e m s ,  biochemical r e -  
ac t ions  in cell-containing sys:er.s ,  ana metabol ic  s tudies  in intact  o rganisms.  

F r o m  this  r e s e a r c h  has  evolved an e labora te  s c h e m e  of the movement of  carbon i n  
c biosphere,  beginning with tb.e carbon dioxide used in photosynthesis;  and ending with 

the carbon dioxide exhaied with each brea th  by an imals .  It i s  l i t e r a l ly  t r u e  that the con- 

vers ion  of s o l a r  energy :o the ener-? used for human activity can be descr ibed  in t e r m s  
of the natural  his tory of carbon dioxide, and can  be studied, s tep-by-step,  with the help of 
radiocarbon.  

use  of rad iocarbon io r  metLboiic s tud ies  in man.  Consider ,  for example,  an investigation 

of the metabol i sm of giucose,  a silgar containing 6 carbon a toms.  It i s  possible to obtain 
uniformly-labeled glucose praduced biosynthetically, and i t  is a l s o  possible  to'obtain glu- 

c o s e  labeled in  the 1, 2, or 6 position. When labeled glucose is given to a m a n  (or an ani-  

mal-or  a ce l lu la r  system-or  a subcel lular  s y s t e m ) ,  the majori ty  of i t  is oxidized prompt- 
ly to yield carbon dioxide, and the r e m a i n d e r  moves along var ious  pathways,  eventually to 

T h e r e  a r e  forn-.idabie problerr,s to be solved in the development of methods fo r  the 

E x c e r p t s  f r o m  a lec ture  del ivered,  October 1 3 ,  1958, at a symposium on Kuclear En- 
ergy Lises for  Pharmaceut ica l  and Organic  Chemis ts ,  sponsored by the PZuclear Science 
and Engineer ing Corporat ion.  

The  work descr ibed  in  this  r e p o r t  was c a r r i e d  on a s  a t e a m  project .  The  key rnem- 
b e r s  of the team were  George T. Okita, Edward c. Tocus,  and Donald Charleston of the 
staff of the Xrg0nr.e C a n c e r  Research  Hospital, USXEC. Valuable a s s i s t a n c e  was  rendered  
by  Pau! h l e i e r ,  Assistar.: P r o f e s s o r  o f  S t a t i s t i c s ,  2nd  by the following s tudents ,  medical 

3 graduate:  Philip 'Gradoipi-., Burton Rodin, George Kirby, U'illiam Gross, and Robert  
r n a r d ,  The Universl:. o i  C h i c a p .  
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.be elirr.ina:ed a s  c a r t o n  d iox ide  and u rea .  hlore specifically,  we can say that the t r a c e r  

!ose of g!zcose er . ters  ::le gil;cclse pool. This poo! r ece ives  glucose f rom the food, f rom 

the breakdown of g:ycopen, and frorx the p r o c e s s  of gluconeogenesis.  F r o m  the pool, glu- 

cose is withdrawn by c e l i s  : 3  be Dxidized a s  a sou rce  of e n e r D ,  to be condensed into, the 

s to rage  subs t ance ,  glycogen, acd to be used i n  the synthesis  of other  organic  compounds. 

U'e a s s u m e  that the concentra:ion of radio-glucose in the blood is rep resen ta t ive  of i t s  

concentrat ion i n  the pooi, and ob:ain repea ted  samples  of blood for rad iochemica l  analy- 
sis. These  ana lyses  demons t r a t e  the die-away of glucose specif ic  activity (SA) as a func- 

tion of t ime and permi t  u s  to es:imate values for the s i z e  and r a t e  of tu rnover  of the glu- 

cose  pool. Ordinar i ly ,  e :o 10 s a x p l e s  a r e  needed to construct  a r e l i ab le  die-away cu rve  

. f o r  a subs tance  that moves  a s  rapidiy a s  glucose. Each sample  must  be p rocessed  to ob- 

tain rad iochemica l ly-pure  glucose for de te rmina t ion  of SA. So far, a l l  we have learned is 
the r a t e  of dilution of the labeled ma!eriai in the glucose pool. The  behavior of the pool 

depends upon at  l ea s t  six s e p a r a t e  r eac t ions  ( s e e  above),  s o m e  of which (e.g., glycogen- 

format ion-degrada t ion)  cannot be studied except by ana lys i s  of t i s sues ,  and al l  of which 

a r e  probably s t eady- s t a t e  r eac t ions .  01 al l  the six r eac t ions ,  only oxidation yields,  a prod- 
uct t h a t  can be analyzed conveniently. 

A s  a glucose molecule i s  oxidized, the carbon dioxide formed e n t e r s  the body's c a r -  
bon dioxide pool. T h i s  pool t u r n s  over rapidly,  and some  fraction of the Cog e n t e r k g  i t  
i s  eliminated in expired a i r .  The carbon dioxide pool is i n  sta.ble equi l ibr ium with the c a r -  

m a t e  component of the bones,  and some  fraction of carbon dioxide flowing through the 

~ o l  is utilized by cel ls  for the synthesis  of organic  compounds (e.g., glucose,  u r i c  acid,  

etc.). The changing SA of the carbon dioxide pool can be obse rved  by studying expired air 
'since the specif ic  activity of CO, is iaen:ical in blood and expi red  a i r .  The  kinetics of the 

carbon dioxide pool can be rneas:red, I ? s ingSaHC140  a s  a t r a c e r  i f  we know the volume 

o f  C 0 2  exhaled per unit tirr.e ar.5 the die-away of specific activity as  a function of time. 

Most invest igators  working with expired a i r  collect  s a m p l e s  i n  balloons, a b s o r b  the C 0 2  

in bar ium or sodium hydroxide,  p r o c e s s  each sample  sepa ra t e ly ,  and a s s u m e  a s teady 

volume of ventilation for the exper imenta l  period. W i t h  a l a r g e  staff of technicians i t  is 
possible to p e r f o r m  2 o r  3 expe r imen t s  a week, but even th i s  schedule is difficult to main- 
tain. After the blood and a i r  s a m p l e s  a r e  analyzed, a complex mathemat ica l  t r ea tmen t ,  in- 

volving s e v e r a l  a s sumpt ions ,  is necessa ry  to connect the two s e t s  of data ,  and to de r ive  a 
quantitative expres s ion  for the r a t e  of utilization-or oxidation-of glucose. 

Since i t  is obvious that. C1'-labeled glucose can yield valuable information about glu- 

co'se metabol i sm in man; s o m e  sort of automation seemed  n e c e s s a r y  i f  a procedure  w a s  ' 

to be developed for routine use.  To simplify the problem,  we decided to study only the ex- 

pired a i r ,  t h u s  eliminating the blood analysis .  This  precluded a n  e s t ima te  of the s i ze  of 

the glucose pool, bu t  did not prevent an  e s t ima te  of the r e l a t ive  r a t e  of oxidation of the 

var ious port ions of the glucose molecule,  or o f  the en t i r e  molecule under var ied c i r cum-  

3 

stances .  

The s y s t e m  we devised cons i s t s  of a m e t e r  to r e c o r d  continuously the volume of ven- 
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tilation--the l i t e r s  of a i r  expired per  minute. After  the expi red  a i r  volume i s  m e a s u r e d ,  

a s ample  of about  one l i t e r  per minute is pumped through a t r a p  to remove  water vapor ,  

and then t h r o u g h  a specia:iy-designed G.hl.  counter where  the C14 radioactivity is m e a s -  

u r e a  continuously. Another,  s m a l l e r ,  s ample  is  pumped through a n  in f r a red  absorpt ion 

m e t e r  to r e c o r d  continuously the percentage of carbon dioxide. A r a t io  ana lyzer  computes  

the C I 4 / C l 2  ra t io .  Al l  the data  a r e  printed on a Speedomax r e c o r d e r ,  using 4 of the 6 

avai lable  channels  ( F i g u r e  1) .  The e l ec t r i ca l  o u t p u t  of the ventilation m e t e r ,  and of the 

8 8  

F i g u r e  1. The continuous C1402 monitor in operation. 
The  open panel at the bottom of the appa ra tus  r e v e a l s  
the 4 G.hl.  counter  and the ventilation m e t e r .  



Geiger counter ,  cons i s t s  of puis2.s that act ivate  a r a t e - m e t e r .  In addition, t h e  pu lses  pro-  

'uced a r e  totaled in a s c a i e r  u r i t .  Thus,,we have the foilowing data r eco rded  continuous- 

. .  ..).: r a t e  o f  ventilation per  miRs!e, cumulat ive volume o f  ventilation, per  cent C 1 2 0 2 ,  rad io-  

act ivi ty  of expi red  a i r ,  cumuiatLve excre t ion  of radioact ivi ty ,  and the specif ic  activity of 

carbon dioxide. 
t 

T o  study the metabol ic  fate of Labeled glucose,  w e  first e s t ima te  the' s i z e  and the turn-  

o v e r  of the carbon dioxide pooi. Th i s  involves t h e  in t ravenous  injection of a s ingle  dose  of 
C14-labelea sodium bicarbonate.  For an  ave rage  man,  5 p c  is adequate.  The  appara tus  is 

run  for 6 0  to 7 0  minutes  af ter  the t r a c e r  dose  i s  given. By the end of th i s  t ime ,  the count- 

ing r a t e  in expired a i r  has  dec reased  to 2 to 3 t i m e s  background. The counter  is 50 per  

cent efficient,  and.car .  m e a s a r e  a s  ii:t;e a s  5 x 10 

for the bicapbonate exper iment  a r e  t r a n s f e r r e d  to IBhI  c a r d s ,  and a p rogram and the da ta  
ar 'e  fed into a 6 5 0  compu!er. N.i:k:ri a few minutes ,  we have a pr int-out  (Figure 2 )  of the 

volume of carbon dioxide per  rxinu:e, two e s t i m a t e s  of pool s i ze ,  and two e s t i m a t e s  of 
turnover  ra te .7  

. 

- 5  p c / l i t e r  of a i r  accura te ly .  The da ta  

On succeeding days ,  the sxhvjt'c! i s  given t r a c e r  doses  of glucose labeled in var ious  

ways. We a s s u m e  that labeled carbon dioxide resu l t ing  f rom oxidation of the t r a c e r  e n t e r s  

the bicarbonate  pool a t  a n  exponen:ial r a t e .  Once in the pool, i t  behaves in the s a m e  fashion 

a s  the carbon dioxide f rom the s3C:::m bicarbonate;  that is, a ce r t a in  f ract ion is exhaled, 
and the r e m a i n d e r  exchazges  ~':t!-. bo-e carbonate  and is uti l ized in biosynthetic react ions.  

Ynowing the p a r a m e t e r s  of the C ~ T Z O T !  dioxide pool, w e  can  calculate  the value of the ex-  

ment which d e s c r i b e s  the r a t e  of c?x:dation of the labeled glucose. We also, of course ,  

can  m e a s u r e  readi ly  the fractior.  of t t e  t r a c e r  dose  oxidized at var ious  in t e rva l s  of t ime 

a f t e r  admmis t ra t ion .  The  c o ~ i p t i : ~ : i o n s  employed to analyze the glucose c u r v e s  are  s t i l l  

done by hand. Within a few mon::-.c tkey will be p rogrammed  f o r  machine ana lys i s .  When 
the two p r o g r a m s  have been t!-.arD-ghly checked out,  a '  conver te r  w i l l  be instal led to con- 
ve r t  the da ta  r eco rded  on the Spcedorr .2~  to  the fo rm requi red  for machine ana lys i s .  With 

th i s  s tep ,  our appa ra tus  wiii be co.r.p;e!ely au tomat ic  except  for cal ibrat ion t e s t s  and we 

will be ab ie  to study s e v e r a l  pa?ients  per  day. 

. . 

The concept on which th i s  w o r k  is based may be s ta ted  briefly,  as follows: 

- Subs tances  (e.g., g lucose)  containing m o r e  than one carbon a tom are  
broken down by the body into s i m p l e r  r ad ica l s  or compounds. 

T h e s e  bas ic  uni ts  a r e  utilized in diff,eren: ways,  

The  differ'ence depends upon the enzymat ic  pathways that a re  in operat ion.  

The  difference is ref lected in the r a t e  a t  which labeled carbon dioxide ap -  
p e a r s  in expi red  air. 

- 
- 
- 

* 
A teci-nical r epor t  descr ib ing  the ins t rument  is in preparat ion.  

t A  paper  desc r ib ing  the ana lyses  of Ci402 die-away cu rve  i s  in preparat ion.  
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Diseases  a1:er:ng spec:i:c enzyme s y s t e m s ,  or congenital dificiencies of 
enzyme sys : ems  sho.,~lr; b e  mani ies ted  by al terat ions in the r a t e  of e l imina-  
tion of  labele5 czrbon a:oxide under par t icular  c i r cums tances .  

Certainly,  f rom s:*-dies of This  s o r t ,  we a r e  justified i n  anticipating a good yield o f  in- 
formation. Already we have ob:ained new information on glucose m e t a b o l i s n  in man and in  

exper imenta l  an ima l s .  Acc0rair.g to c u r r e n t  biochemical theory,  t h e  principal route for the 

.oxidation o f  glucose i s  the Embden- hleyerhof pathway. In r ecen t  y e a r s ,  an  al ternat ive s c h e m e  

of glucose ca tabol i sm has been desc r ibed ;  called variously the hexose monophosphate shunt,  

the glucose oxidative pathway, o r  the pentose phosphate pathway. P a r t i c u l a r  i n t e re s t  in th i s  

"new" pathway r e s u l t s  f rom the demons t r a t ion  that neoplastic c e l l s  s e e m  to utilize i t  to  a 
. much g r e a t e r  extent than the E.xbcen-bleyerhof route.  Until recent ly ,  a l l  s tud ie s  of these 

tivo pathways were  c a r r i e d  o'i: u s i n g  isolated ce l l s ,  t i ssue s l i c e s ,  b r e i s ,  and the like. The  

operat ion of the pentose phosphate pathway can  be inferred by  the rapid oxidation of the 

1-carbon of glucose,  a s  corr.:jared, s a y ,  to the 6-carbon.  Similar ly ,  non-function of this  
pathway should r e su l t  in c o m ? a ~ a b i e  r a t e s  of oxidation of ca rbons  6 and 1. 

In  healthy subjects ,  the specific act ivi ty- t ime c u r v e s  for C 1 4 0 2  a f t e r  the admin i s t r a -  

tion of labeled glucose a r e  a s  s k . 3 u . n  irr F i g u r e  3 .  It i s  apparent  that oxidat.ion of carbon-1, 

proceeds  much more  rapidl:; ! ~ L K  oxidation of carbon-6 . .This  is s t rong  evidence that the 
pentose phosphate pathway i s  ac:i\-e i n  healthy individuals, and w a s  a n  unexpected finding. 

We were  fortunate in being ab i r  ::, s:x;d:,* two healthy subjects  whose r e d  ce l l s  (and p r e -  
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Figure  3 .  Specific act ivi ty- t ime c u r v e s  f o r  C1402  a f t e r  
intravenous d o s e s  of glucose labeled in va r ious  ways wi th  
carbon-  1 4 .  The subject  w a s  a healthy f ema le  volunteer.  
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STUDIES OF T H E  hlET.ABOLIS%I OF PROGESTERONE-4-C14 
IS c HO R I oc.4 R c IN OhlX 

BY 

P. lil. Ejarque,  E. J .  Plotz ,  .C. 1. Lupu, R .  H. Caplan, and M. E. Davis  

I n  con t r a s t  to numerous  investigations and extensive knowledge of the production o f  

gonadotrophin by tumors  of tropi’obiastic or igin,  t h e r e  i s  only l i t t le in format ion  conce in-  

ing the .metabolism ana excret ion of es t rogens  and p roges t e rone  in pat ients  with chorio- 

ca rc inoma .  The  principal rr,e;ato:i:e of proges te rone ,  pregnanediol,  i s  usually found i n  
re la t ively s m a l l  amounts  in the urine o i  these patients,  cor responding  w i t h  the amounts 

r ecove red  f r o m  the ur ine d x r i n g  e a r i y  pregnancy.’” I n  s o m e  c a s e s ,  pregnanediol may be 

even absec t  f rom the ur ine;  i n  others,on!y minimal  amounts  can be d e t e ~ t e d . ~ ”  On the 

other  hand; Kaufrzazn and Zacder‘ repor:ed a re ia t ively high concentration of the .hormone 

itself in pe r iphe ra l  blood, in luteir. cys ts ,  and tumor  t i s sue ,  but the u r ina ry  excret ion of 
pregnanediol w a s  minimal in their  two patients.  

3 

. In connection w i t h  oc;r effor:s to ini.estigate the metabolism of p roges t e rone  in nor- 

mal and abnorma l  pregnancy, w e  aecibed to study the possibil i ty that t h e r e  might be a n  

-bnormal  pathway of the hor.mone in patients with embryonic tumors .  

LIETHODS AKD RESULTS 
14  Proges t e rone -4 -C  tl-,;at w a s  cseci was purified by paper chromatography and s e v e r a l  

r ec rys t a l l i za t ions .  The specif ic  ac:ivity of the purified proges te rone  w a s  5.15 p c / m g .  

TWO pat ients  with choriocarcin3rr.a 

tagged hormone .  The ac:m! d o s e s  de?osited in the gluteal musc le  of the pat ients  were  

5.27 p c  (Pa:ient B.R.) and 37.E:  p c  (Pat ient  M.E. ) .  

P 

rece ived  a single in t r amuscu la r  injection of the . 

The diagnosis  of c h o r i o c g r c i n o x a  was based on unequivocal histologic evidence. Me- 

t a s t a s e s  of the tumor  were  dqrnonstrated in both patients. They exc re t ed  more than 1 mil- 

lion M.U. of chorionic  gonadotrophin in  a 24-hour urine spec imen.  

Complete 24-hour ur ine spec imens  were  collected for pe r iods  of 6 d a y s  after the ad- 

minis t ra t ion of the radioact ive hormone. An aliquot of the daily u r ine  collection w a s  com- 
busted to ca rbon  dioxide in a vacuum combustion line. The radioact ivi ty  der ived  f rom t h e  

C was counted in ar, ionization chember ,  using a vibrating r e e d  e l e c t r o m e t e r  acco rd -  

ing to the method of Brownell and Lockhart.’ During the f i r s t  24 hour s ,  22.2 and 13.4 per 
cent,  r e spec t ive ly ,  of the total radioactivity admin i s t e red  were  found in  the u r ine  (Table 1). 
The total  amounts  of radioactivity r ecove red  f rom the ur ine dur ing  the 6-day collection 

. .  
14 0 2 

*We gratefully acknowledge the cooperation of Drs. R.  Her tz  and D. M. Bergens ta l  
”idocrinolog-y Branch ,  Sa t iona l  Cancer  Insti tute,  National Inst i tutes  of Health, Bethesda, 

:yland),in th i s  s t z d y .  
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T H E  FAT E OF IS T R A I-ESOC LY - AD hi ISI ST E R  ED c - 2 I - PROGESTEROX E 

IS T H E  HUN.AS O R G A N I S M *  

C.  I .  Lupil, E.  J .  Plotz ,  and hl. E. Davis 

P rev ious  s tudies’  have revealed that substantial  amounts of radioactivity a r e  ex- 

c re t ed  into the u r i n r  and !he f e c e s  of pregnant and nonpregnant patients who had received 

in t r amuscu la r  inje2:ions o f  iso;opic proges te rone  labeled w i t h  carbon- 14 at  position 4. 

.Xegligible amounts  of radioac:ivity were  found in the fatty su r face  film D f  the skin,  but 

none was found in t h e  carbon dioxide of t h e  expired air. The pat tern of circulating cu rves  

for t h e  concenrratior, of radioactivity in the p l a sma  suggested a rapid d isappearance  of 

the hormane  and i t s  metabol i tes  f r o m  the blood. Relatively high concentrations of radio-  

activity were  de.monstrated in the fa!, indicating s t o r a g e  of the hormone i n  the fat com-  
par tment .  

. 

In the following s t u d y ,  28.3 p c  o f  proges te rone  labeled w i t h  carbon-14 at position 21 

were  injected intravenogsly ir.to a 35-year -o ld  woman who w a s  10 weeks pregnant. A 
therapeut ic  abortion w a s  pe r fo rmed  6 days  a l t e r  the injection because of s e v e r e  s ickle  

cell anemia .  The  maie  felus weighed 33 g and m e a s u r e d  11.5 c m  (CH) and 8.5 c m  (CR). 

The weight of the placenta was 53 .5  g. 

Samples  of the expired a i r  were  taken at va r ious  in t e rva l s  during a period of 31 hours  

following the intravenous adminis;ration of the labeled progesterone.  For each collection, 

the patient brea thed  into a poiye:hylene bag for 5 to 10 minutes.  The bag was then t r a n s -  

f e r r ed  to a collection traii: In  w h i c h  the volume of expi red  air was measured  and t h e  c a r -  

bon dioxide was  trapped in aqueous sodium hydroxide. Addition of acid to the g a s  i n  a 
Roth combustion appara tus3  r e l eased  the carbon dioxide, the volume of which w a s  m e a s -  

w e d  and then collected in an ionization chamber .  Radioactivity was es t imated  by m e a n s  

of a vibrat ing r eed  e i ec t rome te r  accord ing  to the method of Brownell and Lockhart .  

The  radioactivity excreted into the ur ine and f e c e s ,  as well as  that found in ma te rna l  

and fetal  t i s sue ,  was es t imated  accord ing  to the methods descr ibed  previously.l’2 The  

blood of this  patient was sampled  at  i n t e rva l s  throughout the exper imenta l  period and was 
fractionated into the f r e e  and conjugated s t e ro id  f r ac t ions  accord ing  to the method of 

Bradlow and Cal lagher:  

acetone (1 : l : l  V/t:). After  f i l t ra t ion and separat ion,  t h e  organic  phase was evaporated to 
d ryness .  The resul t ing r e s idue  was parti t ioned between ch loroform and water.  After sep-  

arat ion of the two phases  and appropriate  washing, the aqueous phase contained the con- 

. 

4 

5 

A 5 - m l  aliquot of blood p lasma w a s  added to 2.5 volumes  of ch lo ro fo rm,  alcohol, and 

*iVe wish to acknowledge the valuable advice of  Edward C. Tocus and the technical a s -  
alstence o f  Reuben €. Chapman and Gerd Struver  in these studies.  
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Tabie 3 

RXDIO.J.CTIVITT IS TOT.2.L PLXShl.4 VOLChlE IS THE USCOKJUCATED AND 

COSJ UGATED STEROID FR-ACTIOS FOLLONpISC THE IiiTRXVENOLS 

ISJECTIOS OF c l 4 - ?  1 -PROGESTEROSE 

Radioactivity 
f rom 

* 
Percentage  of injected radioactivity in  total  p lasma volume 

minutes  
I 

I I I 

0.05 

hours  

0.05 0.10 0.07 

0.51 

0.58 

0.0 

0 . 2 6  

0 . 2 6  

af te r  the in t ravenous  injection of t h e  tagged hormone  and r ecove red  2 . 7 8  p e r  cent of t h e  

adminis te red  dose  i n  this sample .  During the s a m e  t ime,  not m o r e  than 3 per  cent of the 

' ioactivity w a s  el iminated a s  carban  dioxide in the expired a i r .  We h a v e  no reason  to 

.ume that appreciabiy l a r g e r  amoznts  of radioact ivi ty  have been excre ted  by way of the 

bile during th i s  t ime.  Thils, we can accoun: for no m o r e  than 10 pe r  cent of the adminis -  
tered dose  being el iminated by the kidneys,  l iver ,  and lungs within th i s  shor t  period. Nev- 

e r t h e l e s s ,  only 4.65 per  cent of the adminis te red  dose  was  p re sen t  in the total p lasma vol- 

ume 194 minutes  a f te r  injectior,.  Tk? re fo re ,  it i s  logical to a s s u m e  t h a t  a major  par t  of 

the hormone a n d / o r  its metaboii:es diffuses  rapidly f rom the blood p lasma into the tis- 

s u e s ,  espec ia i ly  into the fat  corr.par:ment f r o m  which it i s  re turned  m o r e  slowly to the 

circulat ion and subsequently excre ted  a s  metabol i tes  by t h e  kidneys and l iver .  

s te ro id  
fract ion 

Total  

SUMLI.ARY 

Intravenously- injected C14-21-proges te rone  i s  rapidly conjugated and removed f rom 

the c i rcu la t ing  blood. About 18 per  cent o f  the adminis te red  radioact ivi ty  i s  excreted a s  
carbon dioxide in the expired a i r  within a 3.1-hour period a f te r  the adminis t ra t ion.  .Over 

a 9-day per iod,  2 2 . 6 2  per  cent of the adminis te red  radioact ivi ty  was  recovered  f rom t h e  

u r ine ,  and ove r  a 12-day per iod,  2 9 . 8 5  per  cent in the feces .  A re lat ively high concentra-  

tion of ' radioact ivi ty  was s t i l l  present  in the ma te rna i  fat 6 days  following the adminis t ra -  

tion of the hormone ,  indicating the s torage  function o f  the fat compar tment  for the hor- 

mone and i t s  metaboi i tes .  

I ! 
I 
i 

5.75 5 . 2 2  1 4 . 3 ;  14.19 1 2 . 5 7  
I i 

7 . 5 8  16.0! 1 4 . 5 7  j 4 . 5 5  2.67 i 2.07 - 
i 1.70 ' 0.80 

! 
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